Persistent spectral hole burning and continuous population oscillations are studied in an inhomogeneously broadened diamond-based spin ensemble composed of substitutional nitrogen and nitrogen-vacancy centres created through neutron irradiation and annealing. The burnt spectral features highlight a detuning-dependent homogeneous linewidth that is up to three orders of magnitude narrower than the inhomogeneous linewidth. Continuous population oscillations are observed to quickly decay beyond a pump and probe detuning of 5 Hz, and are numerically modelled using a five-level system of coupled rate equations. Fourier analysis of these oscillations highlight discrete 13 C hyperfine interactions, with energies within the inhomogeneous ensemble linewidth, as well as suspected nuclear 3/2-spin coupled signatures likely related to the 7 Li byproduct of neutron irradiation.
I. INTRODUCTION
Persistent hole burning is a conventional spectroscopic technique originally employed in nuclear magnetic resonance measurements for investigating the broadening mechanisms underlying non-Lorentzian spectral features [1] . This technique suppresses or 'burns' part of the broadened spectrum by saturating the emitters at a given frequency, creating discontinuities with linewidths that can be orders of magnitude narrower than the regular spectral features. Due to the hole's extreme sensitivity to perturbations of both radiative and non-radiative ensemble transitions, persistent hole burning conveys unique information on the ensembles coupled frequencies and relaxation dynamics, complimentary to that obtained through pulsed double-resonance schemes. Here we report on continuous hole burning experiments and the analysis of the resulting population oscillations in a spin ensemble consisting of substitutional nitrogen (P1) spins and a nitrogen vacancy (N-V − ) spin sub-ensemble, in a neutron irradiated and annealed high-pressure-high-temperature grown diamond.
The N-V − system is unprecedented in its use for quantum-limited metrology, and is continuously pushing boundaries on electron-and nuclear-based magnetic sensing [2, 3] .
While considerable work has been carried out in exploring the noise and broadening dynamics using a variety of schemes e.g. [4] [5] [6] [7] [8] [9] , there is still value in further investigating broadening under continuous-wave (cw ) schemes, and the distinct properties of adiabatic continuous population oscillations (CPO). This is motivated by the desire to understand and use N-V − ensembles that are dense enough to demonstrate physical novelty and superior technical applicability [10, 11] , while being limited by the homogeneous ensemble creation [12, 13] and thereby their inherently short coherence times (T 2 < 100 ns), which renders pulsed-based experiments challenging. * haitham.el@gmail.com
The basic experimental premises lies in applying two driving fields; a pump field is continuously applied at a variable frequency within the broadened spectrum to saturate a portion of the emitters, such that when a second probe field is swept across the pump field frequency, a sharp dip in amplitude (a 'burnt' hole) is detected. In a pulsed scheme, the generated hole width is inversely proportional to the pump duration, and an indefinitely extended pulse time will generate a linewidth proportionally limited by the coherence time of the resonant sub-ensemble [1] . The same basic configuration is a staple tool in experimental atomic and quantum optics when varying the group velocity of light pulses propagating through a saturable absorptive medium e.g. [14] , or implementing optical memories e.g. [15] . This technique has also been previously employed in the study of N-V − ensembles, where it has been shown to suppress broadening within a selected bandwidth and enhance thermometery [16] , to demonstrate optically detectable coherent population oscillations of the N-V − magnetic ground-state spin transitions [17] , and to demonstrate long-lived dark-states of hybrid cavity-coupled N-V − spin ensembles to be used for optical memories [18] . Here we experimentally demonstrate the spectral limit of persistent hole burning, and the features and utility of CPOs in measuring and identifying nuclear spins coupled to the N-V − ensemble.
Inhomogeneity if a spin ensemble is caused by a spatially variant electric and magnetic environment which shifts portions of an ensembles resonance frequencies, and introduces additional coupling with other environmental spins via e.g.
Fermi-contact or/and dipole-dipole mechanisms, while also degrading an ensembles collective dephasing rate. Ensemble constituents that are coupled to environmental spins also generate discrete magnetic satellite resonances due to the distance-dependent magnetic coupling and the discreteness of the diamond lattice. These coupled states may be measured using either cw or pulsed double-resonance schemes, however, resolving and identifying coupled frequencies which lie within the inhomogeneous linewidth is not possible in a direct cw -measurement, and non-trivial using pulsed schemes. Such resonances may alternatively be detected by generating and analysing CPO; the procedure of adiabatically cycling the population of a subset of an ensemble also cycles the spins coupled to this subset, thereby driving the coupling frequency. Thus, the coupling frequency is superimposed with the CPO frequency, and appears in the CPO's Fourier spectrum.
In the experiments reported here, a lock-in scheme is employed for cw optical detection of magnetic resonance (ODMR) while a second pump field is applied simultaneously for burning spectral holes, analogous to that demonstrated in [16] , but instead of π-pulsing the pump field, the probe field is modulated for lock-in detection under continuous laser excitation.
Using this configuration, generated widths (full width at half maximum) of the holes highlight a detuning-dependent homogeneous component of the ensemble, and outlines the ensembles dominant broadening mechanism. The generation and measurement of CPOs is also presented, and its characteristics are modelled and discussed using a typical N-V − five-level system of coupled rate equations. Finally, the Fourier components of the CPOs are mapped out, from which both dressed states and hyperfine coupled states, in particular those associated with 13 C nuclear spins, are identified at energies well within the inhomogeneous linewidth.
II. EXPERIMENT & SPIN ENSEMBLE
A confocal experimental arrangement is employed, as summarised in Fig. 1(a) , using an objective condenser lens (NA ≈ 0.8) with a focal spot diameter in the order of ∼2 µm. A 30 mW, 532 nm laser is continuously focused onto the diamond surface, and the resulting N-V − ensemble fluorescence is collected using the same objective and passed through a dichroic mirror (cut-off at 540 nm) and two long pass filters (cut-off at 600 nm), before hitting a 1 kΩ biased Si photo-diode (Thorlabs DET36A, ∼4 MHz bandwidth). The delivery of two microwave fields was carried out using a single 20 µm diameter copper wire which was tightly pulled across the surface of the diamond. Phase-locked pump and probe microwave fields, with respective angular frequencies ω b and ω p , were generated using the same source (Windfreak Technologies, dual channel SynthHD). For measuring a ODMR spectrum, the microwave probe field amplitude is digitally modulated at 10 kHz, and detection is locked-in at the resulting fluorescence modulation (using a Stanford Research Systems SR510), under continuous laser illumination.
The diamond used here is a polished 1b diamond crystal (Element Six), with approximate dimensions of 0.5 mm×9 mm 2 , a natural abundance of 13 C isotopes ( ∼ 1 %), and a specified P1 ( 14 N in particular) concentration in the order of 200 ppm, which was subjected to thermal neutron irradiation and annealing at 900
• C. A trace amount of 60 Co and 7 Be atoms that are implanted during neutron irradiation are confirmed to be present in the diamond using dosimetry, which both radioactively decay to 60 Ni and 7 Li, respectively, the latter possessing a 3/2 nuclear spin. A minimum, lower-bound N-V − concentration was estimated using confocal microscopy to be in the order of 0.5 ppm.
However due to the dominant P1 concentration, significant quenching of the N-V − fluorescence occurs [19] , and the actual concentration is expected to be at least in the order of 10 ppm.
A model of the defect arrangement within the diamond unit cell, and a typical lock-in amplified ODMR spectrum is shown in Fig.1(b) , which was measured with an applied magnetic field at approximately ∼ 30 mT, and a ∼ 20
• angle to all 111 crystallographic orientations.
The resulting spectrum highlights Zeeman-split spins transitions |0 ↔|±1 associated with the four crystallographically distinct sub-ensembles (annotated in the unit cell diagram), as well as the resonance frequencies of the P1 electron spin ensemble. The visible P1 electron spin resonances occur here between 600 and 850 MHz, and consist of nine peaks based on the hyperfine coupling of the P1 electron (S=1/2) and quadrupolar nuclear (I=1) spins: five peaks originating from allowed |m I , −1/2 ↔|m I , 1/2 transitions, and four low amplitude peaks related to nuclear spin flip-flop and forbidden transitions (∆m I = {0, 1}) [20] . These 'dark' P1 resonances are directly detectable through the N-V − fluorescence in this case likely due to a Raman-based mechanism of cross-relaxation between the N-V − and P1 electron spins, as discussed in [21] .
In any case, this reflects their dominant presence and therefore the most likely dominant cause of the observed inhomogeneous broadening.
A direct estimate of the ensembles collective pure dephasing time T * 2 may be obtained by plotting the spectral linewidth as a function of applied microwave power, as shown in Fig.1(c,d ). The measured linewidth Γ is reciprocally proportional to the ensembles collective dephasing rate, Γ = 1/π T 2 , for which 1/ T 2 is a sum of the collective spin lifetimes T 1 and T * 2 , the latter being an accumulation of all the intrinsic and extrinsic sources of decoherence affecting the ensemble, such as that induced by the nuclear spin bath or microwave power broadening. By ensuring that the measurement is performed within a regime where the optical power and detected fluorescence are linearly dependent, an estimate of T * 2 may be obtained. As the microwave power is decreased, power broadening is reduced, and Γ plateaus to a near constant level around 6.8 MHz, representing a point where T 2 ∼ T * 2 ≈ 50 ns. The severity of the broadening, prevents the measurement of the hyperfine transitions resulting from coupling between the N-V − electron spin and its 14 N nuclear spin, which should outline three overlapping peaks separated by 2.16 MHz. This is evident in Fig.1(c) where the resonance peak becomes un-resolvable before the presence of three hyperfine peaks become resolvable, or even before the lineshape shifts from being a single Gaussian, to a measurable non-Gaussian sum of three peaks.
III. PERSISTENT HOLE BURNING
A typical hole-burnt spectral map is shown in Fig.2(a) . Under cw -ODMR, the application of a microwave field resonant with a spin transition during continuous laser illumination results in a drop of the N-V − fluorescence, due to the spin-dependent shelving dynamics of its level structure [22] . The application of a modulated microwave field under the same scheme results in a modulation of the fluorescence, enabling lock-in amplification. When both the continuous and modulated fields are simultaneously applied, the resulting modulated fluorescence amplitude is decreased. This is caused by a saturation of a portion of the ensemble, which then become shielded from the modulated driving field; thereby resulting in a reduced lock-in voltage.
An example of a spectrum with the narrowest hole linewidth Γ h is plotted in Fig.2(b) as a function of the detuning between the pump and probe field frequencies (∆ ω = ω p − ω b ), as well as the detuning-dependent characteristics of the pump and the central spin frequencies (ω b − ω c ) in Fig.2(c) . The detuning-dependence of Γ h is measured by fitting a Lorentz function, while the signal drop is measured by direct extraction of the difference between the lowest shoulder and the burnt hole amplitude as annotated in the extracted plot of Fig.2(a) . The hole amplitude relative to the total peak amplitude is directly dependent on the pump field power, while the hole full width at half maximum Γ h is somewhat insensitive as long as the optical excitation rate exceeds the microwave excitation rate to avoid any power-broadening (ensuring the so-called 'linewidth-narrowing' regime [23] ). The measured spectrum and associated hole linewidths are well represented by the example plotted in Fig.2(b) , which shows two side bands due to the 10 kHz modulation of the probe field, and a central dip with Γ h ∼ 4 kHz. In general, Γ h is equal to twice the homogeneous linewidth of the ensembles homogeneous component [1] :
As opposed to the ensemble T * 2 , Γ h highlights a homogeneous coherence time in the order of T 2 ∼ 40 µs, which is most likely limited by the pure dephasing T * 2 . While the voltage drop naturally outlines the detuning-dependent spectral line, the variation in Γ h is unexpectedly drastic, varying by two orders of magnitude as the pump field is detuned beyond the 14 N hyperfine splitting frequency (2.16 MHz), while Γ h < 0.4 MHz, which is well within Γ ∼ 6.8 MHz (c.f. Fig.2(d) ).
This measured dependence provides insight into the broadening mechanisms of the ensemble; for ensemble systems, such as that described here, it is generally understood that the resulting broadening is outlined by normally-distributed transition frequencies, which in this case is most likely caused by the fluctuating concentration of magnetic spin impurities (dominated by the P1 electron spins) in the vicinity of the N-V − spins [8] .
In addition to this distribution, these neighbouring impurities also introduce dephasing pathways via their anisotropic coupling, which degrades a subset of the ensembles homogeneous linewidth (πT 2 ) −1 (either through degrading the intrinsic T 1 lifetime, or the pure dephasing time T * 2 , or both) [4] . The observed dependence of Γ h on (ω b −ω c ) is therefore associated with a central portion which roughly outlines the frequency range where a large density of transitions have been shifted without significant dephasing, and transition frequencies detuned beyond approximately 3 MHz window, which possess a lower T 2 time. Considering the disparity between Γ and the Γ h trend plotted in Fig.2(c) , it may be considered that the total broadening is dominated by pure dephasing (i.e. a collective degradation of T * 2 ) rather then the normal distribution of transitions with similar T 2 times.
IV. CONTINUOUS POPULATION OSCILLATIONS
At the centre of each dip in Fig.2(b) is a sharp spike representing a region where population oscillations are detected. An example is plotted in Fig.3 , which was measured by triggering data accumulation on a set phase of the fluorescence oscillation, enabling the accumulation of in-phase oscillations at t = 0, and the mapping of phase-continuous traces as a function of ∆ ω . For an isolated two-level system, the ground and exited state occupation should adiabatically vary as the pump and probe fields shift into and out of phase at their beat frequency ∆ ω . The ground and excited state occupation will then equalise (thermalise) at a rate set by T 2 , beyond which they remain invariant. In the case of the N-V − level structure, the presence of a shelving state and its spin state-specific optical transition rates ensures that the system can be continuously polarised into its ground state under continuous incoherent laser excitation [22] . This allows for the continuous measurement population oscillations, as shown in Fig.3(a) , which here resemble rectified sine waves as ∆ ω → 0 Hz. When extracting plots along the ∆ ω dimension for a fixed time, a time-dependent density of fringes is observed within a constant envelope. As discussed in [17] , the shape and features of these oscillations across both dimensions (time and ∆ ω ) is set by both the measurement parameters and the intrinsic coherence times for the sub-ensemble targeted by the probe field.
These features and their relationships may be understood by attempting to reproduce the trends using a typical five-level model of the N-V − system [23] [24] [25] [26] , while accounting for two coherent drives for the single ground state transition:
The construction of this model and the coupled rate equations are outlined in App.A, which is fitted by varying the lifetimes T 1 and T * 2 , the Rabi frequencies Ω p/b , and the optical excitation rate Λ. Using the experimentally determined T 2 ∼ 40 µs, these measurements were only reproducible using this model with Λ and Ω p/b set at sub 100 Hz as opposed to the delivered excitation rates estimated to be in the order of MHz, and by neglecting the longitudinal decay rate such that T 1 1 s was necessary. Although this model represents the dynamics of a single N-V − spin, it successfully reproduces the measured spectrum of homogeneous low density N-V − ensembles [25, 26] . In the case of inhomogeneity, and the presence of significant impurity coupling, evident by the measurable P1 electron spin resonances in Fig.1(b) , the model is naturally incomplete. However, the necessary parameters using this model leads to some insight on the systems dynamics. Primarily, the restriction to low excitation rates accounts for a large absorbing defect density which does not affect the N-V − spin dynamics, such that the models set excitation rates should be considered as effective rates resulting from the delivered power distributed in a large density of absorbing defects within the excitation volume.
These effective excitation rates are orders of magnitude slower than the intrinsic level transition rates, and the measured dynamics are by definition adiabatic. Without the incoherent optical excitation and the N-V − shelving state, the POs will decay within the T 2 dephasing time, and continuous optical re-polarisation of the ground state is therefore necessary, which negates any longitudinal decay; therefore in this cw regime using this model, no discernible longitudinal relaxation can be considered to occur, and T 1 may be considered as effectively infinite (1/T 1 → 0). This is a necessary condition for reproducing the observed measurements in Fig.3 using the simple five-level model described here.
The factors regulating the measured envelope decay and its asymmetry, are set here by the relation between FIG. 5. Fourier spectrum maps at various frequency intervals as a function of detuning ∆ω. These were obtained using a 10 kHz sampling rate from the directly detected light (no modulation of the probe field, and bypassing the lock-in amplifier).
the optical and spin driving excitation rates with respect to T * 2 , as demonstrated in Fig.4 . The width of the envelope is primarily set by the optical excitation rate Λ, while the amplitude and asymmetry is set primarily by the Rabi frequencies, provided that these exceed Λ. Unlike the measurements presented in [17] where the onset of PO is observed at beat-frequencies in the order of kHz, the measured PO here is observed only at much slower beat-frequencies within 20 Hz. Based on the fitting parameters, this is deduced to be a result of the low effective excitation rates, due to the large concentration of radiation absorbing centres other than the N-V − ensemble. This is particularly apparent with respect to the comparative Rabi frequency scaling; the experimental data is taken at 5 dB intervals, whereas to simulate approximately similar shapes and decays, a linear increase in the set Rabi frequency is necessary.
V. FOURIER ANALYSIS
A typical Fourier map of the time-dependent PO is shown in Fig.5 , which was measured without modulating the probe field and bypassing the lock-in amplifier, using a 10 kHz sampling rate. The rectified shape of the oscillations leads to the presence of multiple harmonics associated with the beat-note frequency peak, highlighted in Fig.5(i ) . Another set of directly identifiable peaks are related to the external magnetic 'hum' originating from electric mains transformers, which occur at 50 Hz and is accompanied by multiple harmonics, as highlighted in Fig.5(ii ) . Being a consistent source associated with all mains-supplied electronics, these frequency components are independent of ∆ ω , and show no fluctuations within the 8 Hz resolution.
Much more intriguing is the observed presence of a multitude of discrete frequencies, displaying a range of distinct detuning-dependent behaviour. Identifying these components is carried out by a combination of a priori knowledge, by measuring their dependence on ∆ ω , and identifying replica peaks which display identical or opposite fluctuations. Two discriminating examples are highlighted in Fig.5(iii-vi ) ; the symmetrical peaks in (iii,v ) display a shift as ∆ ω → 0, as opposed to an example highlighted in (iv,vi ), which shows no dependence on ∆ ω , but are replicated at higher frequencies and display symmetric fluctuations. The former are likely dressed-state frequencies mixed with the CPO; their frequencies are set by the pump field Rabi frequency and the detuning to the bare transition, and this jumps as the probe field is tuned into resonance, thereby delivering a cumulative pump and probe Rabi frequency which shifts the frequency as ∆ ω approaches zero. Frequency shifts in this case are observed in the order of a few Hz, as expected considering the effective Rabi frequencies deduced from the simulations in the previous section. The latter are most likely related to a coupled subset of the ensemble with nearby magnetic spins, as they display symmetric fluctuations that is independent of ∆ ω , due to external magnetic field fluctuations.
A set of directly identifiable frequency components displaying such behaviour can be related to 'families' of hyperfine coupled 13 C nuclear spins are plotted in Fig.6 , which where measured using a 2 MHz sampling rate. These families are related to unique separation distances within the crystal lattice and are listed in Tab.1, which where primarily identified based on the measurements reported by Dréau et al. [27] . The presence of 13 C nuclear spins in the lattice site adjacent the N-V − vacancy is immediately apparent from the zero-field ODMR measurement, highlighting satellite resonances that are split by the hyperfine interaction energy at approximately 130 MHz. Larger separation distances, with lower hyperfine coupling energies that lie well within Γ are directly observed as discrete frequency components in the PO Fourier spectrum, and are directly distinguishable due to their independence of ∆ ω , and FIG. 6. Near zero-field ODMR spectrum highlighting the satellite resonances associated with the hyperfine coupling of 13 C nuclear spin in the nearest-neighbour lattice position to the vacancy of the N-V − centre, and Fourier spectrum maps of the identified frequency components of the measured PO, designated to 13 C nuclear spins at increasing distances, using the same letter designation as in [27] .
their symmetric fluctuation.
In particular, the opposite symmetry of the measured fluctuations indicate the sign of the hyperfine coupling constant, representing lattice site positions where the electron density is either negative or positive, as identified through high-resolution ODMR in [27] . The discrepancy in the magnetic fields may be explained considering the anisotropic coupling of N-V − and 13 C, and the off-axis magnetic field applied for these measurements Curiously, a number of frequency triplets are also observed such as that plotted in Fig.7 , which may be interpreted as a signature of a 3/2 spin-coupled system. This is likely related to hyperfine coupling of Li nuclear spin, which is an abundant by-product of the neutron irradiation process. While the resulting hyperfine interaction energy, which in this case in the order of 16 kHz, depends on the exact spatial separation of the nuclear spin and the N-V − , the resulting peak triplet and their separation and relative amplitudes are distinct and can be attributed to the nuclear spins quadrupole moment. Nuclear spins with spin number I > 1/2 possess non-spherical nuclear charge distributions, and therefore quadrupole moment which results in a hyperfine splitting ∆v that is strongly dependent on the local electric field gradient. The resulting splitting provides insight into the nuclear defects' immediate electronic environment [28] and is approximately:
where Q ∼ 4 × 10 −30 m −2 is the quadrupole moment of the 7 Li nucleus [29] , e is the elementary charge, h is Plank's constant, and V zz is the principal component of the electric field gradient tensor at the nuclear site [28] . By definition, ∆ν will only be non-zero when a quadrupole nuclei resides within a non-spherical or non-cubic (not T d or O h ) symmetric site, and would therefore approach zero at substitutional sites of the diamond lattice [30] . The measured splitting implies an electric field gradient of the order V zz ∼ 10
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Vm
−2 , which reflects interstitial regions approaching the diamond lattice points, as expected due to the small size and high mobility of the 7 Li atom with respect to the carbon lattice [31] [32] [33] . Furthermore, due to second order quadrupole effects, a slight asymmetry of the splitting is expected [30] .
VI. CONCLUSION
The persistent hole-burning experiments presented here have highlighted the detuning-dependent homogeneous linewidth component of an inhomogeneously broadened spin ensemble, measured to be as narrow as ∼4 kHz (T 2 ∼ 40µs), as opposed to FIG. 7 . Possible signature of coupled 3/2 nuclear spins, speculated to be related to the neutron irradiation byproduct 7 Li. The asymmetry is a consequence of the second-order quadrupole splitting, as observed in conventional nuclear magnetic resonance [28] .
the total inhomogeneous linewidth of ∼7 MHz ( T 2 ∼ 50 ns). In particular, the non-linear detuning dependence indicates how pure dephasing, rather then a normal distribution of homogeneous line-widths caused by a spatially fluctuating magnetic field, is the ensembles dominant broadening mechanism. This was expected due to the large presence of P1 centres, which was verified through the ability to directly detect their electron spin resonances using conventional lock-in amplified cw -ODMR.
Under continuous laser excitation, adiabatically driven population oscillations were observed to be unresolvable beyond a 10 Hz detuning of the pump and probe fields. These measurements were analysed by numerically reproducing them using a five-level system of coupled rate equations. The necessary optical and microwave excitation rates needed to obtain a good fit with the observed data were in the order of 10 Hz, in contrast to the experimentally delivered powers with estimated excitation rates in the order of MHz. This indicates a dominant presence of absorbing emitters other than N-V − s, which resulted in very low effective excitation rates of the ensemble subset. Furthermore, the need to exclude the longitudinal relaxation rate T 1 in order to reproduce the experimental data highlighted the limitation of the model in describing an adiabatic regime. Fourier analysis of these oscillations highlighted a range of unique spectral components of which some were directly identified to stem from 13 C nuclear hyperfine coupling, and others speculated to arise from the presence of 7 Li, a byproduct of neutron irradiation.
Ultimately, this work demonstrates the complimentary utility of persistent cw spectral hole burning to more common pulsed double-resonance schemes, for studying inhomogeneous ensembles and their sub-linewidth coupled states, while the demonstration of a detuning dependence points towards possible practical magnetic field-based metrological use.
Further experimental theoretical work will be carried out to develop a more complete theoretical descriptions of this inhomogeneous ensemble's adiabatic dynamics, and to more rigorously identify all spectral components of the population oscillations, and in further explore bandwidths beyond the kHz range.
